| INTRODUCTION
The process by which eukaryotic cells engulf and degrade particulate matter is known as phagocytosis. 1 Specialized phagocytes such as macrophages are particularly active in this process. Fusion of endolysosomal compartments with the maturing phagosome as it acidifies results in the delivery of degradative enzymes followed by the destruction of phagosomal contents. 2 Phagocytosed targets, such as mammalian cells, that approach the size of the phagocyte comprise a large proportion of the cellular content of a phagocyte, and as such, present unique challenges for degradation due to their relatively large size. By contrast with beads, which are typically used as models for the study of phagocytic processes, phagocytosed cells contain degradable content. Consequently, the release of metabolites such as amino acids during the degradation process could induce osmotic Ramraj Velmurugan and Sreevidhya Ramakrishnan contributed equally to this study.
stress within the phagosome, causing it to increase in volume. 3 Hence, effector cells may employ specific mechanisms during the degradative processing of cells within phagosomes in order to limit cellular stress.
The mechanistic target of rapamycin (mTOR) is a component of the mTOR complex 1 that localizes to lysosomes and acts as a sensor of nutrient availability and growth factor signaling. 4, 5 Specifically, this pathway is responsive to the accumulation of amino acids in the lysosomal lumen. 6 This suggests that the degradation of cells within phagosomes, or in entotic vacuoles that arise from live cell engulfment by neighboring cells ("entosis"), 7 may be coordinated by the mTOR pathway, particularly in cases where the degradation process leads to amino acid release. 8 Nevertheless, recent studies have revealed the complexity of the pathways, including mTOR-independent processes, that play a role in entotic vacuole or phagosome maturation and fission to generate lysosomes. [9] [10] [11] [12] The study of cellular phagosomes is directly relevant to antibodydependent cellular phagocytosis (ADCP) of targets such as tumor cells. Antibodies represent a rapidly expanding class of therapeutics for the treatment of cancer. 13 The recognition of tumor-specific antigens by therapeutic antibodies results in coating, or opsonization, of the cancer cells which can lead to ADCP. 14, 15 The presence of macrophages as the most abundant immune cell type in the majority of tumors 16 suggests that macrophage-mediated ADCP may contribute to the anti-tumor effects of antibodies. Although macrophages can lead to pro-tumorigenic consequences, results from multiple studies are consistent with a contribution of macrophage-mediated effector activity to tumor cell death. [17] [18] [19] [20] [21] [22] [23] Furthermore, antigen can be processed from these phagosomes and presented in the context of major histocompatibility complex class I or II molecules to cognate T cells. 24, 25 Hence, studying the maturation pathway of cellular phagosomes is expected to be of direct relevance to the successful use of therapeutic antibodies and induction of anti-tumor immunity.
In the current study, we have analyzed the fate of phagosomes containing antibody-opsonized cancer cells within macrophages.
Interestingly, we observe the formation of a distinct phagosomeassociated vacuole during phagosome maturation. This phagosomeassociated vacuole is separated from the phagosome by a barrier that selectively restricts diffusion of solutes between the 2 compartments based on their size. Furthermore, vacuoles are not detected following the phagocytosis of antibody-opsonized beads, indicating that cellular components within the phagosome may regulate vacuole formation.
In addition, vacuole enlargement was observed in the presence of the mTOR inhibitor, torin 1. Collectively, our results suggest that this vacuole is a common feature associated with the degradation of cellular targets by phagocytes.
2 | RESULTS Figure 1A , Movie S1, Supporting information). Time-lapse images showed a gradual increase in the size of this vacuole over 2 to 6 hours ( Figure 1A ). We observed that the vacuole and phagosome were positive for both Alexa 647 and Alexa 555 fluorophores ( Figure 1B , Movie S1), indicating that the vacuole contains both lysosomal components and opsonizing antibody (fragments) derived from the macrophages and cancer cells, respectively. In addition, the proportion of labeled dextran derived from macrophage lysosomes that is associated with phagosome/vacuole compartments relative to that in "free" lysosomes in macrophages was quantitated and ranged from 20% to 60% (n = 9), suggesting a high frequency of lysosomal fusion with the phagosome and/or vacuole ( Figure 1C ).
| Identification of a phagosome-associated vacuole
We next investigated the time-course of the formation of the vacuole. Antibody-opsonized target cells were mixed with macrophages, and intravenous immunoglobulin (IVIG) was added to the conjugates following 1 hour to prevent further phagocytosis (by competitive inhibition of Fcγ receptor binding 17 ). The number of phagosomes containing an associated vacuole following a 2-, 4-, 6-or 8-hour incubation period after the addition of IVIG were quantitated by microscopy analyses. This quantitation showed that the percentage of phagocytosed cells with associated vacuoles is maximal at~75% (n = 150) at 6 hours following the addition of IVIG to block further phagocytosis, and this percentage decreases to~50% (n = 148) at 8 hours ( Figure 1D ).
We also analyzed whether vacuoles form following the engulfment of apoptotic bodies by macrophages. Target cells were exposed to ultraviolet (UV) irradiation to induce apoptosis, and the resulting apoptotic bodies were incubated with macrophages for 7 hours followed by microscopy analyses (n = 68 apoptotic vacuoles; Figure 1E ). Flow cytometric analyses using fluorescently labeled annexin V confirmed the induction of apoptosis ( Figure S1 ). These studies revealed that vacuoles form adjacent to phagosomes containing apoptotic bodies. Interestingly, by contrast with phagocytosed cancer cells or apoptotic bodies, vacuoles were not detected in macrophages that had phagocytosed streptavidin coated, 10-μm diameter latex beads coupled to biotinylated trastuzumab (n = 128 phagocytosed beads; Figure 1F ). The right-hand panel shows a schematic diagram of the approximate location of the phagosome-associated vacuole (green), the phagosome containing the corpse of the target cell (orange) and the boundary of the macrophage (gray). C, J774A.1 macrophages were preloaded with Alexa 488-labeled 10 kDa dextran and co-incubated with MDA-MB-453 cancer cells opsonized with trastuzumab for 6 hours. z-stack images of cells (n = 9 phagosomes) were taken and the proportion of labeled dextran associated with the phagosome/vacuole compartments relative to that in "free" lysosomes in macrophages was quantitated. Error bars represent SEs. D, MDA-MB-453 cells were opsonized with Alexa 488-labeled trastuzumab and co-incubated with J774A.1 macrophages preloaded with Alexa 647-labeled 10 kDa dextran. After co-incubation for 1 hour, 10 mg/mL IVIG was added to prevent further phagocytic activity. Fluorescent and DIC images of the phagosomes were then taken at the indicated time points following IVIG addition, and the phagosomes with an associated vacuole were counted. Error bars represent SEs. E, MDA-MB-453 cancer cells were preloaded with FITC-labeled carboxyfluorescein succinimidyl ester (CFSE), UV-irradiated for 3 hours to induce apoptosis and subsequently co-incubated with J774A.1 macrophages for 1 hour followed by the addition of 10 mg/mL IVIG and incubation for a further 6 hours followed by imaging. Fluorescent and Differential Interference Contrast (DIC) images are shown. F, Streptavidin-coated beads (10 μm diameter) were opsonized with biotinylated trastuzumab, washed and added to J774A.1 macrophages. The macrophages were preloaded with Alexa 647-labeled 10 kDa dextran. The cells were subsequently incubated for 1 hour followed by the addition of 10 mg/mL IVIG and incubation for a further 6 hours followed by imaging. 
|

| The phagosome and vacuole are discrete compartments
To investigate whether the vacuole is lysosomal in nature, we treated samples containing phagosome-associated vacuoles with the dye LysoTracker Red, which is membrane permeant and accumulates through trapping by protonation in acidic compartments, including lysosomes. 28 Interestingly, although the phagosome was, as expected from earlier studies, 8 positive for LysoTracker, the dye was undetectable in the phagosome-associated vacuole ( Figure 3A ). To further explore the properties of the vacuole, we treated the samples with
LysoSensor Blue DND-192, that is also membrane permeant and protonated in acidic compartments. 29 As expected, the phagosome was positive for LysoSensor Blue fluorescence. Although the intensity of the LysoSensor staining in the vacuole was lower relative to that in the phagosome, LysoSensor signal could be detected in the vacuolar region, by contrast with very low to undetectable levels of LysoTracker signal ( Figure 3B ).
Although the vacuole had very low to undetectable levels of fluorescent signal from LysoTracker, we detected higher levels of fluorescence around the limiting membrane of the vacuole, suggesting that this membrane might be multilamellar ( Figure 3A , inset). Hence, to further understand the ultrastructural properties of the vacuole, we prepared specimens of phagocytosed target cells for analysis using transmitted electron microscopy (EM). EM images showed that the vacuoles had very low density compared with the surrounding cytoplasm, while the target cell corpse had a morphology analogous to that observed by others for cellular phagosomes ( Figure 3C ). 30 The EM images of the vacuole also displayed membrane-limited subcompartments within this structure. To determine whether these membrane subdivisions are also found inside phagosome-associated vacuoles in live specimens, the target cells were labeled with the membrane dye FM 4-64FX before co-incubation with the macrophages. Analyses of phagosome-associated vacuoles with these FM dye-labeled targets revealed that this dye labeled the limiting membranes of subcompartments within the vacuolar region ( Figure 3D ).
To further investigate whether the phagosome and vacuole have distinct properties, we preloaded macrophages with an equimolar mixture of Alexa 488-and pHrodo Red-labeled 10 kDa dextran prior to co-incubation with antibody-opsonized tumor cells. The fluorescent signal of pHrodo Red increases as the pH becomes more acidic, whereas that of Alexa 488 is constant across a broad pH range of 4 to 10. 31 The ratios of fluorescent intensities of pHrodo Red:Alexa 488 in the phagosomes and vacuoles were determined, and for 60%
(n = 110) of vacuoles the ratio was found to be lower than those of adjacent phagosomes, whereas for the remaining 40% the ratio was similar in both compartments ( Figures 3E and S3 ). Collectively, these data suggest that the pH of the vacuole can be higher than that of the phagosome. that the formation of this structure is not dependent on the target cell type or the specificity of the opsonizing antibody ( Figure S4C ).
|
| The mTOR pathway regulates the size of phagosome-associated vacuoles
The mTOR pathway affects lysosomal biogenesis, with high levels of amino acids leading to the inhibition of transcription of genes associated with lysosome formation. 5, 35, 36 In addition, mTOR inhibition has been shown to reduce fission of the entotic vacuole, a structure that is observed following engulfment of live (non-opsonized) cells by adjacent cells during carcinogenesis or development. 8 We therefore investigated whether treatment with the mTOR inhibitor, torin 1, affected the size of the vacuoles. Phagosome-associated vacuoles were observed in the presence of torin 1 ( Figure 5A ), and their size Figure 5B) . Fluorescence microscopy analyses also demonstrated that mTOR was present on the limiting LAMP-1+ membranes of the phagosome and associated vacuole for phagocytosed cancer cells ( Figure 5C ), consistent with mTOR activation. 37 By contrast, the levels of mTOR surrounding phagocytosed beads were substantially lower ( Figure 5C ). In addition, the intracellular levels of phosphorylated S6 (pS6) ribosomal protein, an indicator of mTOR activation, were analyzed in macrophages using an antibody specific for mouse/human pS6. Co-incubation of macrophages with antibody-opsonized tumor cells for 7 hours resulted in increased pS6 levels in macrophages compared with those in control samples or samples treated with torin 1 ( Figure 5D ). Taken together, these data suggest that although mTOR signaling occurs during phagosome/vacuole maturation following phagocytosis of cancer cells, inhibition of this pathway with torin 1 appears to affect phagosome/vacuole fission but does not prevent vacuole generation.
| DISCUSSION
In the current study, we describe a vacuolar structure that is formed during phagosomal maturation following macrophagemediated phagocytosis of antibody-opsonized cancer cells. This vacuole is observed for 3 different macrophage:cancer cell combinations, suggesting that it is a universal structure associated with the phagocytic degradation of cellular targets. Although luminal space can be seen between the phagosomal "body" and the limiting membrane of the phagosome in earlier electron micrographs, the space appears to be contiguous with the phagosome. 3, 30, 38 By contrast, using EM and analyses of the differential accumulation of lysosomal tracers we demonstrate that the phagosome-associated vacuole described here is a discrete membrane-limited compartment ( Figure 6 ).
Interestingly, LysoSensor Blue (DND-192) but not LysoTracker
Red can be detected in the vacuole when these dyes are added shortly before microscopy analyses. However, fluorescence from both of these dyes, which are membrane permeant and localize to acidic compartments, is lower in the vacuole compared with the adjacent phagosome. 39 Two possibilities could explain this observation: First, the pH in the phagosome-associated vacuole may be higher than the pH in the phagosomal lumen. Our ratiometric ana- We show that dextrans of distinct sizes are selectively excluded from the phagosome-associated vacuole. Differential sorting of molecules in macrophages has been previously observed to occur between lysosomes 32 and between lysosomes and phagosomes. 33, 40 These studies led to the suggestion that such sorting might be caused by the diameter of the pores/tubules formed during potential kiss-andrun events that transfer solutes from one compartment to another. 41 Our data indicates that similar interconnections may exist between the phagosome and the associated vacuole. This is further supported by the exclusion of quantum dot nanoparticles from the vacuole.
While the function of the phagosome-associated vacuole appears to be primarily related to the controlled release of metabolites, additional functions may exist for this compartment. Early studies have suggested that the size of the phagosome may correlate with the quantity of metabolites it releases, due to excess osmotic pressure. This possibility is supported by earlier reports suggesting that specialized lysosomal populations sequester such components. 42, 43 Antigen presenting cells that are active in cross-presentation have been shown to maintain a higher pH in the antigen-loading compartments than cells that do not cross-present their antigen, indicating that lower degradative rates are important for this process. [44] [45] [46] Interestingly, our data are consistent with a higher pH in the vacuole compared with the phagosome, suggesting that this compartment could play a role in cross-presentation. Although macrophages are typically regarded to be inefficient in this process, cross-presentation of antigen from target cells following ADCP has been reported. 24 Collectively, these observations suggest that the phagosome-associated vacuole may, therefore, be important for this pathway.
Analyses of mTOR and its downstream effector, pS6, demonstrate both mTOR association with the vacuole and increased pS6 levels in macrophages that contain antibody-opsonized tumor cells.
This raises the question as to how the transcription factor, TFEB, which regulates the expression of a network of proteins involved in lysosomal biogenesis and function, 35, 36 retains sufficient activity to support lysosome:phagosome formation, given that mTOR inhibits TFEB activation. 47, 48 Several recent studies demonstrate that mTORindependent pathways such as those involving Ca proteins. The role of phospholipid intermediates in endosomal/lysosomal trafficking pathways, 51, 52 combined with our data demonstrating that mTOR activation in response to released amino acids is not a prerequisite for vacuole generation, suggest that the presence of (phospho)lipids on the phagocytosed entity may be necessary for vacuole formation. It is also possible that the rigidity of the phagocytosed particle or cell affects vacuole development.
In summary, our study has identified a vacuole-like compartment that is associated with maturing phagosomes containing antibodyopsonized cells. Importantly, we demonstrate that this vacuole is separated by a semi-permeable membrane from the phagosome.
Future studies will be directed towards defining the role of this vacuole in antigen presentation and other cellular processes related to phagocytosis.
| MATERIALS AND METHODS
| Cell lines and primary cells
The RRID: SCR_001622). The temperature and humidity in the microscope system were maintained by a caged temperature-control system (OKOlabs). Long-term imaging of the degradation of the vacuoles, the imaging of LysoSensor and of the different molecular weight dextrans were performed using a Nikon A1R confocal microscope equipped with a 60X 1.4 NA Plan Apo objective and a temperature-control system. The acquired images were exported to TIFF format and processed with microscopy image analysis tool as described above.
| Microscope configurations
| Statistical analyses
Tests for statistical significance between groups were carried out using Student's t test or one-way analysis of variance (ANOVA) with Tukey's multiple comparison test in GraphPad Prism, V6.0 (GraphPad Software.
Inc http://www.graphpad.com, RRID: SCR_002798). P-values of less than .05 were considered to be significant.
